Both HK␣ 1 and HK␣ 2 proton pumps are K dependent but demonstrate different pharmacological profiles (8) . HK␣ 1 H-K-ATPase is sensitive to imidazopyridine, 2-methyl-8-phenylmethoxy[imidazol (1,2a) ]-pyridine-3-acetonitrile (Sch-28080) (34) , whereas the pharmacologic profile of HK␣ 2 H-K-ATPase is not completely understood. Functional studies provided convincing evidence for the existence of HK␣ 1 in the cortical CD (CCD) (46 -49) . Specifically in the intercalated cells (ICs) from CCD, there are physiological (11, 17, 18, (21) (22) (23) (24) 39) , immunohistochemical (3, 45) , and molecular (1) data that collectively support the role of an active HK␣ 1 H-K-ATPase. The presence of HK␣ 2 in the ICs of CCD is supported by physiological (11, 21) , immunohistochemical (32) , and molecular (6) data. Ouabain, a classic inhibitor of the Na-K-ATPase, has been used to assess the physiological contribution of HK␣ 2 (8) , although the sensitivity of the HK␣ 2 H-K-ATPase to ouabain is not precisely clear. Additionally, when HK␣ 1 -deficient mice were maintained on a K-deplete diet, both Sch-28080-sensitive and ouabain-sensitive K-ATPase activity was observed (Type III) (9) . This activity did not exist in the HK␣ 2 -deficient mice suggesting that HK␣ 2 may be inhibited by both compounds at least under K-deplete conditions. Therefore, assessing the contribution of each isoform to acid extrusion using the traditional pharmacological approach may be less than ideal. The present study used a genetic approach to determine the contribution of HK␣ 1 and HK␣ 2 to CCD IC proton transport as opposed to a pharmacological approach.
Mice lacking functional expression of HK␣ 1 , HK␣ 2 , or both HK␣ 1 and HK␣ 2 (double knockout, HK␣ 1,2 ) provide a unique opportunity to evaluate the effects of specific HK␣ gene product deficiency at the cellular level. We investigated rates of pH recovery and acid extrusion in response to acute acid loading in two types of ICs from the CCD of wild-type (WT) C57BL/6J mice and in C57BL/6J mice with genetic disruption of ATP4a (HK␣ 1 ), ATP12a (HK␣ 2 ), or both ATP4a and ATP12a (HK␣ 1, 2 ). Following identification of IC type, the cells were acid-loaded using the ammonium chloride (NH 4 Cl)-prepulse method (41) in HEPES-buffered solutions containing EIPA to block the Na/H exchanger, and bafilomycin A 1 , to block the H-ATPase. With the use of the pH-sensitive dye, BCECF, intracellular pH (pH i ) recovery was measured, and buffering capacity was assessed in each cell. This allowed the comparison of acid extrusion in the A-type and B-type ICs of WT and HK␣ knockout (HK␣ 1 , HK␣ 2 , and HK␣ 1,2 ) mice. The results confirm a significant and separate contribution of both HK␣ 1 and HK␣ 2 to acid extrusion in both A-type and B-type ICs in mice fed a normal diet.
MATERIALS AND METHODS
Animal preparation. The generation and characterization of HK␣1-and HK␣2-deficient mice were previously reported (16, 27, 28) . The HK␣1 mice used in these original reports were backcrossed onto the C57BL/6J stain for more than 10 generations to generate HK␣1-deficient mice on a C57BL/6J genetic background. These HK␣1 mice were then crossed with the HK␣2-deficient mice, also on a C57BL/6J genetic background to generate the HK␣1,2-deficient mice. Homozygous breeding pairs were established, and WT mice used in the control experiments were purchased from Jackson Laboratories (Bar Harbor, ME). WT (C57BL/6J) and HK␣ knockout mice were maintained on a normal diet (Teklad 2016S, 0.25% Na, 0.53% K) and allowed free access to tap water. All mice were females between ages 8 and 19 wk (mean age was 11.9 Ϯ 0.5 wk). All animal use was in compliance with the American Physiological Society's Guiding Principles in the Care and Use of Laboratory Animals, and animal use protocols were approved by the North Florida/South Georgia Veterans Administration Institutional Animal Care and Use Committee.
Genotyping of mice. Genomic DNA was isolated from ϳ0.25 cm of a tail clipping. Genomic DNA was amplified in two separate triplex PCR reactions, one reaction with the gene-specific primers for HK␣ 1: forward GCCTGTCACTGACAGCAAAGAGG, reverse GGTCT-TCTGTGGTGTCCGCC, and Neo CTGACTAGGGGAGGAGTA-GAAGG, and a second reaction with the HK␣ 2 primers: forward CTGGAATGGACAGGCTCAACG, reverse GTACCTGAAGAGC-CCCTGCTG, and Neo CTGACTAGGGGAGGAGTAGAAGG. PCR conditions vary slightly for each reaction. Both reactions contained HotStart Taq-polymerase (Qiagen, Valencia, CA) under the following conditions (40 cycles): an initial hot start at 94°C for 10 min for both the HK␣ 1 and HK␣2 reactions, denaturation at 94°C for 30 s for the HK␣1 and HK␣2 reactions, annealing at 56°C for 30 s for HK␣1 reaction and at 60°C for 1 min for HK␣2 reaction, and extension at 72°C for 1 min for the HK␣1 reaction and for 30 s for the HK␣2 reaction with a final extension at 72°C for 1 min for both HK␣1 and HK␣2 reactions. The resultant PCR products were separated on a 2% agarose gel and detected with 0.1% ethidium bromide. In the HK␣1 PCR reaction, WT and HK␣2 knockout mice yield a native HK␣1 band at 189 bp and HK␣1 and HK␣1,2 mice yield an HK␣1 mutant band at ϳ310 bp indicative of the presence of the neomycin resistance gene insert in the ATP4a gene. Similarly, in the HK␣ 2 reaction, the WT and HK␣1 knockout mice yield the native HK␣2 band at 117 bp, and HK␣2 and HK␣1,2 mice yield the mutant band at 307 bp.
CCD isolation and microperfusion. Standard in vitro microperfusion methods (5) as modified by this laboratory were used. Mice were killed by intraperitoneal injection of pentobarbital sodium (120 mg/ kg) and cervical dislocation. Both kidneys were quickly removed, and ϳ1-mm coronal slices were placed in a chilled Petri dish containing HEPES-buffered solution A (Table 1) . A single CCD was handdissected at 4°C within 60 min and transferred to a thermostatically controlled channel style perfusion chamber where both ends were aspirated into hand-fashioned holding pipettes. Pipettes were mounted and micromanipulated using a renal microperfusion system (Vestavia Scientific, Birmingham, AL). One end was cannulated with the perfusion pipette containing HEPES-buffered solution A. The luminal perfusion rate was assessed and adjusted to ϳ10 nl/min and maintained at this rate using a WPI SP100I syringe pump. Collection of perfusate into the holding pipette was confirmed at the end of each experiment. Throughout the remainder of the experiment, the bath solution was continuously exchanged at 4 ml/min maintained at 37 Ϯ 2°C, beginning with solution A. All HEPES-buffered solutions were supplied by a gravity-fed syringe, and the perfusion chamber volume was constantly maintained at ϳ1 ml. The CCD was equilibrated under these conditions for ϳ10 min before luminal BCECF loading. The luminal solution contained FD&C Green (60 g/ml) to aid in visualizing the perfusate, to ensure that the flow rate was adequate, and that the perfusate exchange was complete. At the end of the experiments, no FD&C Green cellular uptake was observed. All bicarbonate-containing solutions were gassed with 95% O 2-5% CO2 to pH 7.4 at 37°C and delivered to the bath chamber using a closed-syringe delivery system (Harvard Apparatus PHD2000 infusion syringe pump, Holliston, MA) with polyethylene tubing (Intramedic TM, Becton Dickson, Franklin Lakes, NJ). Under these conditions, there is no significant pH change from the delivery syringe to the perfusion chamber as verified by a bath pH probe (Accumet 13-620-96). Fluorescence measurements were taken on a Nikon Eclipse TE300 microscope using an S Fluor ϫ40/1.30 oil immersion lens and an imaging system developed by Intracellular Imaging (Cincinnati, OH). The imaging system included a Xenon lamp source, Lambda 10-C (Sutter Instrument, Novato, CA), Cohu cooled CCD camera (COHU, San Diego, CA), and InCytIm2 software (Intracellular Imaging). Tubules were perfused for at least 10 min after removal of luminal BCECF-AM to allow for deesterification of the intracellular BCECF-AM before commencement of pH i measurements. The CCD segment of interest was focused and the Xenon lamp intensity was minimized to prevent phototoxicity (38) . During a given measurement, the discrete ICs were excited alternately at 490 and 440 nM, and emission intensity at 520 nM was digitally stored for subsequent analysis. For each individual cell of interest, the ratio of the intensity of the emissions at each excitation wavelength (I 490/I440) was correlated to pHi by performing a high K/nigericin (145 mM/15 M) calibration at the end of the experiment as modified by this laboratory and described originally by Thomas et al. (30) . In brief, calibration solutions of known pH from ϳpH 6.6 to 7.8 were plotted against the average I 490/I440 for each cell. Using linear regression, the ratiometric intensity measurements for each cell over the duration of the experiment were converted to pH i.
IC identification. In the mouse, the CCD contains ICs that are easily distinguished from principal cells (PCs) based on the differential luminal uptake of BCECF-AM. Specifically, lumen application of BCECF-AM results in a much greater luminal uptake and deesterification of the dye in ICs than in the PCs (18). Similar observations were previously reported in the rabbit CD (38) . A-type and B-type ICs were differentiated by the removal and return of peritubular chloride (Cl) as previously described in rabbit (37) and shown to be applicable in mouse (18) .
Acid loading and pH i recovery. The luminal and peritubular solutions were changed to solution A containing inhibitors and vehicle, and the tubule was reequilibrated for 20 min. To ensure that acid secretion reflected an H-K-ATPase-mediated mechanism, all experiments contained 100 nM luminal bafilomycin A 1, to inhibit the H-ATPase, and the peritubular solution contained 10 M EIPA, to inhibit basolateral Na/H exchange. Cells were acid-loaded using a 3-min exposure to 40 mM NH 4Cl (solution B) followed by NH4Cl removal (solution A). The lowest pHi achieved from acid loading (nadir) and pHi recovery were determined during the subsequent 5 min.
Calculations. pH i measurements were made in individual, wellfocused ICs on the lateral walls of the basement membrane. pHi recovery rates were calculated from the initial linear portion of the pHi recovery curve starting from the nadir pHi and were expressed as the change in pHi per minute (dpHi/min). The intrinsic buffering capacity was calculated in bicarbonate-free solutions using the formula ␤i ϭ ⌬[NH 4 ϩ ]i/⌬pHi (19) where ⌬[NH 4 ϩ ]i is the change in the intracellular ammonium concentration (pKa ϭ 9.15) and ⌬pHi is the change in the pHi resulting from the removal of peritubular NH4Cl during the acid-loading phase of the experiment in the presence of EIPA and bafilomycin A 1. Acid extrusion rates (JH) were calculated from the formula JH ϭ ␤i* dpHi/min and were expressed as [H]/min.
Chemicals. All chemicals were obtained from Sigma (St. Louis, MO) or Fisher Scientific (Waltham, MA) unless otherwise specified. BCECF-AM was purchased from Molecular Probes (Eugene, OR) and frozen in 1-l aliquots at Ϫ20°C in DMSO at 30 mM. On the day of the experiment, the BCECF-AM was dissolved in solution A at a final concentration of 15 M. Bafilomycin A 1 was obtained from Calbiochem (Darmstadt, Germany), dissolved in DMSO at 100 M, and stored in 2-l aliquots at Ϫ20°C. EIPA was purchased from Sigma and frozen in aliquots at Ϫ20°C in DMSO at 0.2 M. Immediately before use, bafilomycin A 1 was thawed and diluted to final concentrations of 100 nM in solution A for the perfusate, and EIPA was thawed and diluted to a final concentration of 10 M in solution A for the peritubular solution. Nigericin was obtained from Sigma and was stored at 4°C in ethanol and diluted to 15 M in each standard.
Statistical analysis. The results are expressed as means Ϯ SE. This report focuses primarily on the effects of HK␣ deficiency (WT compared with knockout groups). However, we wanted to examine the differences between A-type and B-type ICs. Therefore, we also examined whether there were differences between IC types. Multiple linear regression (Quattro Pro, Corel 2003) was used to examine the contribution of each H-K-ATPase ␣-subunit to Cl removal, initial pH i, buffering capacity, pHi recovery, and acid extrusion. Data compared between groups (initial pHi, buffering capacity, and pHi recovery between genotypes and between A-type and B-type ICs within the same genotype) were examined by one-way ANOVA (Origin 7.0, OriginLab). Differences between groups were considered statistically significant at P Ͻ 0.05. Figure 1 shows the expected PCR products for each genotype and was performed to confirm the genotype of the original homozygous progenitors of the animals used in this study.
RESULTS

Genotyping.
Characterization of IC type. Initial cell pH i . The initial pH i of A-type and B-type IC from WT and HK␣-deficient mice was recorded in the absence of the inhibitors at the start of the experiment before the removal of peritubular chloride and is shown in Table 2 . For a given cell type, there was no significant difference in the initial pH i for any HK␣ knockout compared with the WT. A-type ICs from WT, HK␣ 1 , and HK␣ 2 were significantly more acidic than B-type ICs of the same genotype. There was a tendency for A-type ICs to be more acidic than B-type ICs from HK␣ 1,2 -deficient mice (P ϭ 0.05080) similar to the, respectively, more acidic pH i for A-type ICs vs. B-type ICs from WT, HK␣ 1 -deficient, and HK␣ 2 -deficient mice. Figure 3 shows representative tracings of the effect of acid-loading on pH i in a WT A-type and B-type IC. EIPA-and bafilomycin A 1 -insensitive pH i recovery in WT and HK␣-deficient mice is shown in Table 2 . The pH i recovery in A-type and B-type ICs from both HK␣ 1 -and HK␣ 2 -deficient mice was significantly slower than in WT. Importantly, the rate of pH i recovery in A-type ICs from HK␣ 1,2 -deficient mice was significantly slower than in A-type ICs from HK␣ 1 -deficient mice alone. Quantitatively, the A-type ICs from the HK␣ 1 -, HK␣ 2 -, and HK␣ 1,2 -deficient mice recovered significantly slower than WT mice (43, 45 , and 60%, respectively, P Ͻ 0.01). Similarly, B-type ICs from the HK␣ 1 -, HK␣ 2 -, and HK␣ 1,2 -deficient mice recovered 48, 41, and 57% slower than WT mice, respectively (P Ͻ 0.05). Of note, the rates of pH i recovery were significantly faster in A-type cells from either HK␣ 1 -or HK␣ 2 -compared with the HK␣ 1,2 -deficient mice. Specifically, the A-type cells of HK␣ 1,2 -deficient mice were 30 and 27% slower than HK␣ 1 and HK␣ 2 , respectively (P Ͻ 0.05). There was a tendency for pH i recovery in the B-type ICs to be slower in HK␣ 1,2 -deficient mice than either HK␣ 1 EIPA-and bafilomycin A 1 -insensitive acid extrusion in HK␣-deficient mice. Although subject to more experimental error, pH i regulation is more accurately expressed in terms of acid extrusion, the product of pH i recovery, and intrinsic buffering capacity (4). The EIPA-and bafilomycin A 1 -insensitive acid extrusion rates (J H ) in WT, HK␣ 1 , HK␣ 2 , and HK␣ 1,2 mice are reported in Table 2 and shown in Fig. 4 . Either HK␣ 1 or HK␣ 2 deletion resulted in significantly slower acid extrusion in both A-type and B-type ICs. Furthermore, A-type ICs from HK␣ 1,2 mice had significantly slower acid extrusion compared with A-type ICs from HK␣ 1 knockout mice alone. These data provide unambiguous evidence that both HK␣ 1 and HK␣ 2 subunits independently contribute to H extrusion. Additionally, acid extrusion was faster in A-type ICs than in B-type ICs in the HK␣ 1 , HK␣ 2 , and HK␣ 1,2 knockout groups, but not in WT.
EIPA-and bafilomycin A 1 -insensitive pH i recovery in HK␣-deficient mice.
DISCUSSION
The present studies establish a definitive role for both HK␣ 1 and HK␣ 2 in renal H pumping in mice fed a normal laboratory diet. HK␣ knockout results in reduced EIPA-and bafilomycin A 1 -insensitive acid secretion in the CD. Specifically, acid extrusion following an acute acid load was significantly faster in ICs from WT mice compared with HK␣ 1 -, HK␣ 2 -, or HK␣ 1,2 -deficient mice. Furthermore, there is clearly a separate effect of both H-K-ATPase subtypes, and this effect was evident in both A-type and B-type ICs. These studies are the first demonstration of the contribution of HK␣ 1 and HK␣ 2 to CCD IC proton transport by nonpharmacological means and that these subunits and their respective H pumps contribute independently to pH i recovery.
Rabbit ICs are differentiated into two functionally different populations, A-type and B-type, by either the removal of luminal or peritubular Cl in bicarbonate-containing solutions due to the presence of a predominant basolateral, or a predominate apical Cl/HCO 3 exchange activity, respectively (14, 37, 40) . In the rabbit where these responses have been extensively studied, A-type cells have only basolateral Cl/HCO 3 exchange activity. A-type ICs alkalinize upon removal of peritubular Cl, due to inhibition or reversal of the basolateral Cl/HCO 3 exchange, and their pH i is not significantly altered with luminal Cl removal. In contrast, upon peritubular Cl removal B-type cells acidify as a result of increased apical Cl/HCO 3 exchange activity due to reduction of intracellular Cl from enhanced basolateral Cl exit via Cl channels (36) . Two populations of ICs have also been functionally characterized in the mouse (18) . A-type and B-type ICs in this study demonstrated characteristic responses to the removal of peritubular Cl comparable to the previous report in mouse (18) . Of note, under these experimental conditions, the basal pH i of the A-type IC is more acidic than that of the B-type IC.
Like the B-type IC, the non-A-non-B-type IC expresses pendrin protein, an apical Cl/HCO 3 exchanger (33) , and under these experimental conditions, the non-A-non-B-type IC would be functionally characterized as a B-type IC. However, the non-A-non-B-type IC was exclusively observed in the mouse connecting segment and initial collecting tubule and not in the CCD (29, 33) .
There was no difference between the buffering capacity of A-type ICs from WT compared with the buffering capacity of A-type ICs in any of the knockout groups. Similarly, there was no difference between the buffering capacity of B-type ICs from WT compared with the buffering capacity of B-type ICs in any knockout group. Therefore, we evaluated the effect of gene knockout in each cell type using pH i recovery rates in addition to confirming the contribution of H-K-ATPase to acid extrusion in the ICs of CCD. HK␣ 1 and HK␣ 2 knockout both significantly reduce pH i recovery and acid extrusion in A-type and B-type ICs. Collectively, these studies unambiguously demonstrate the functional presence of two H-K-ATPases in the CCD.
In our experiments, EIPA-and bafilomycin A 1 -insensitive pH i recovery rates were similar in A-type and B-type ICs, which are in agreement with Petrovic et al. (18) . When taking into consideration the buffering capacity (␤ i ), J H also was not different between A-type and B-type ICs. Of note, the control pH i recovery rates reported by Petrovic et al. were considerably less than what was observed in our experiments. This discrepancy could be explained in part by differences in the precise experimental conditions and solutions used in these separate studies. In addition, Petrovic et al. used a different background mouse strain (129 Bl Swiss). Residual pH i recovery exists in our experiments in both A-type and B-type ICs from HK␣ 1,2 -deficient, suggesting that another acid extrusion mechanism not encoded by either ATP4a or ATP12a is functioning under these experimental conditions. Petrovic et al. report a novel Sch-28080-and ouabain-insensitive K-dependent secretion mechanism in the ICs of HK␣ knockout mice. This suggests that the pharmacologically unique transporter reported in their study may also be genetically unique, originating from a gene different than either of the known HK␣ genes. Petrovic et al. report that HK␣ 2 mRNA expression does not appear by Northern analysis to be upregulated in the HK␣ 1 knockout which further supports the case for a novel H-KATPase. There are presently no reports investigating the relative expression of HK␣ 1 in the HK␣ 2 knockout. There exists the likelihood that one or more related proteins may compensate for the deletion of the expression of the given H-KATPase ␣-subunit.
These data provide further evidence for the presence of H-K-ATPases in H transport under normal dietary conditions. Circumstances such as Na depletion, secondary hyperaldosteronism, K deprivation, ambient PCO 2 , and ammonium chloride Table 2 .
loading (11-13, 25, 27, 46, 47, 49) have been reported to affect the activity of one or more of these H-K-ATPases. The contribution of each one of these pumps may be modulated by different factors. In particular, chronic or acute dietary K restriction has been shown to produce a volume-and Nadependent form of hypertension. In this study, we provide convincing evidence for substantial H-K-ATPase activity that mediates renal H transport in the ICs of the CCD using a gene knockout approach. The outer medullary CD is a major site for H-K-ATPase-mediated H secretion under K-replete (2, 35) and K-deplete dietary conditions (15, (42) (43) (44) , and the H-K-ATPase in this segment remains to be characterized in these mice. Potassium deprivation causes an upregulation of HK␣ 2 (7, 10) suggesting that the colonic isoform facilitates K reabsorption. Genetic disruption of the HK␣ 2 isoform in mice resulted in severe hypokalemia when the mice were fed a potassiumdepleted diet, yet their urinary potassium excretion was normal (16) . This is consistent with the present observation that both isoforms are active in the kidney and suggests that one isoform may compensate for the absence of the other. Although an impaired renal phenotype has not been previously reported in these mice, the possible involvement of the H-K-ATPase in distal renal tubular acidosis with hypokalemia in humans has been proposed (26, 31) . No significant effect of renal HK␣ 1 or HK␣ 2 knockout on whole animal K homeostasis was observed, but in each case these animals had another intact HK␣ isoform. Clearly, defects in compensatory acid extrusion mechanisms require a complete understanding of the H-K-ATPase's role in renal function.
In summary, the present studies functionally characterized two IC populations of the mouse CCD. More importantly, these studies unambiguously demonstrate that mice fed a normal diet clearly possess two separate mechanisms of H extrusion, one which can be attributed to HK␣ 1 and a second functionally distinct mechanism that can be attributed to HK␣ 2 . Future studies will be needed to examine the contribution of each H pump under different physiological stimuli.
